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Some Accurately Measured Infrared Wuvelengfhs for
Calibration of Grating Spectrometers'

Earle K. Plyler, Norman M. Gailar, and Thomas A. Wiggins ?

The measured values of the wavelengibs of 60 Jineg in the 1.1- to 2.3-micron speciral
reglon are reported. The absorpilon lines of the bands of methene and water vapor wers
used in the calibration. The methods of measurement are digegssed.  Also discuseed Bre the
methods of superimpozing the well-kmowm emimion linag of saveral sources onh tha abeorption

linez that were mensured.
reported by other workers.

1. Introduction

The infrared epectira of many substances have
been recorded and measured, the results being used
to calculate various molecular conatants. The equip-
ment ured and the techniques of measurement have
varicd from one laboratory to another, and in many
chses the values reported for the same quantity have
diffeted. In addition, the modern infrared detectors
have permitted the construction of grating spectrom-
etera of much higher resolution than was previously
possible. It now seems desirable to reevaluato the
methods of measurement 2o that the greater resolving
power available may be best. ut.i,li?.edg,

The simplest method of calibeating a epectrometer

i3 to uze one kmown wavelength and assume 2 sinnsoi-
dal dispersion. This method, of course, ia the least
accurata gof thoss currently used. The next hest
method is to use two known wavelengths and assume
linear dispersion between them. The closer together
the two lnown wavelengths lie, the better the
resulting measturements will be, This method i2 often
extended to three or more known lines fitting a
parabola or a cubic to them, thus establishing # scale
to be used in that region. FExperience in the radiom-
etry laboratory of the Bureau indicates that this
method often fails to yield wavelengths o the desired
aceuracy because of certain errors.
. Errors in measurement obtained from a grating
instrument are ¢ansed by severn] factors, Theoreti-
cally a grating should show a sinusoidal dispersion,
and, to & first approximstion, does. Thus, linear
dispersion ia suttable only to the extent that a stratght
line approximates & sine curve. The use of & quad-
ratic or cubic expression more clesaly fits the sine
relation, There are crrors, howevor, that cause tha
dizpersion to vary from the smusoidal, and these
cannot be compensated for by the use of a quadratic.
There are systematic repeatable errors that can ba
sttributed to irregularities in the gearing of the
Pechanism that drives the g;mti.ug. Thesa can, in
effect, superimpnse “ripples” on the sine wave,
These effecta can be minimized by using many stand-
ard wavelengths, Another type of errar iz a seeming
random error thai iz not repeatable, Both types
can be of considerabla magnitude,
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The values obisined for sotae Lines are compared with values

The method of calibration used is to superimpose
many well-known standard emission lines (Hg, Kr,
Xe, etc.} on the record of the substance being ex-
amined. Although this is standard procedure in
photographic spectroscopy, it is not often used in
infrared spectroscopy. e advantage of this super-

gition lies in the minimizing of the random errors.

ines measyred this way seem to reproduce better
oh succeszive runs. When standards are available
at small wavelenzth intervals, linear interpolation
repeated several times wverages out the random errorz
and gives results repeatable to 0.2 to 0.2 A. When
the standards are approximately 100 A or more
apart, & dispersion curve iz plotted and smoothed,
and the resglts from eseveral setz of resdi ara
averaged  Measurements neually reproduce to better
than 0.5 A, Further refinaments, which are dis-
cussed later, have made it possible to measire the
lines reported in this paper to an accurscy hetter
than 0.1 A.

Inasmuch as many laboratories do nof possess
the equipment to place the required standard lines
on their regords, this paper presenta the wavelongths
of 60 accurately messured absorption lines in the
1.1- to 2.3-u spectral range hy utilising tho absorp-
tion of atmospheric water vapor and of natural gas,
fCH,), materials ensily obtained. These 60 lines
may be used to check or te establish the ealibration
of mstruments, or they may be superimposed on
records of abscrption or emiscion.

2. Experimental Details

The zbsorptzon spectra of CH, and H{&) were
ebtained in five regions, hizhar orders of well-known
emizsion lines being superimposed on the absorption,
The aource of the continuous cnergy for the absorp-
tion was the hot electrode of the discharge tubes,
which provided the emission Jines.

In oeder to have sufficient standard lines it was
necessary te use two or more discharge tubes simul-
taneonely. ‘The arrangement of the sources is chown
in figure 1, which shows two methods of introdue;
athirdsoures. These methodsare {1} using aapheric
mirror, #nd {2} reflecting the light from the third
gource (marked neon) m & plane mirror thai
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Fiauns 1. drrangement of mulfiple sources and of ebrorp-
fion cell,

could be swung into position, momentarily directin
this light onto the slit and intercepting one or bo
of the other sources,

The cell shown in fizure 1 was & 60-cm cell and
wae used for OH,. Previous tests having shown no
measurable difference between the bands of )
{'H, and natural gas in this region, the cell was fillad
with natural ges.

The spectrometer has been described previously
[1]2 It will suffice to state that it consists of & 1-m
off-axiz paraboloidal mirror forusing the energy onto
& 15,000 linefin. plane grating, and an ellipeoidal
mirror to foens the diffracted en onto & lead sul-
fide detector. The signal ia amplified by a Wilson
arnplifier and recorded by a remrgjng potentiometer.
The chart speed and grating drive werc addjustad to
obtain dispersion of 12 to 20 Afin. This dispersion
varied, depending on the spectral region and order
number. 12l‘“]m 1.1- and 1.3-¢ bandsrz% water, for in-
stance, were measured in the second order to obtain
greater dispersicn and to utilize emission lines that

id not appesr in the first-order regions of water.

Survey runs were mads to determine which com-
binations of sources would be most useful in & given
region. Sources were selected that provided emis-
gion lines reasonsbly elose together, one of which
fell near a well-defined absorption line.

It was cbhserved in many cases that absorption
lines werc superimposed on emission lincs, thereby
producing distortion in the shape and position of the
standards. In theee casesz a quarter-inch water ecell
was inserted in the optical path 4t the position marked
ffilter” in figura 1. This filter absorbed radiation of
wavelength greater than 1.3p and permitied the
higher orders of standard lines, which are of shorter
wavelength, to be recorded undisturbed. In & simi-
lar manner an emission line of order greater than the
firat could be removed by a differant filter, so that
the absorption line Dﬂuldy ba accurately recorded.

The ontput of the amplificr was attenuated when
an intense emission line was being recorded.  This
pave the pen ample time fo reocmf the line and per-
mitted more aceorate location of the line éenter.
In cne case the slit was widened and the amplifier

nin increased in corder to utilize weak emission
ines, the pen being kept on seale by attcouwation.
Near an emission line the water cell was placed in
itionn and the attenuation removed, allowing the
fiﬁ? to be recorded with sufficient intensity to be
easily measurnbie.

1 Figares in bywoloels (ndlcate the [erataume raeferencss at the end of thia paper.

3. Measurement

The method of measurement consisted rimarily
of using linear dispersion between two closaly apaced
known lines. The abesorption lines messured were

- those that shownd no steucture under the highest

digperzion available, In peneral, lines to be mene-
ured were chosen as near a standard line as possible
23 it waa found on successive runs that the measure
wavelangtha of these lines reproduced beat.

At times, it was impossible to find two standards
near enough, In theso cases two abaorption lines
Ranking #n emission standard would be identified
from eother paperz [2, 3], and the wavelengths from
these papera would be used to calculate a dispersion
factor. This factor would then be used in conjunc-
tion with the emission line. As the absorption lines
measured in these cases were all very near the amis-
gion lines, relatively large variances 1n the dispersion
fectors made only small differcnces in the measured
valued of the wavelengths of the absorption lines.
The relative accurac u% thia method wae getablighed
by measuring several lines by both methods, the re-
aults alwaye differing by less than 0.1 A.

In order to minimize tha effects of the random
arrors, six runs were made of every line measurad.
Az there was often a snall difference in the moas-
ured value of a line when the instrument ran toward
hjﬁher wavelengths in comparison with the valua
when run toward shorier wavelengths, half of the
rung were taken in each direstion.

All but two of the standard lines have been
messtired interferometrically [4]. These two lines
have been reported to 0.01 A from intcrcomparizon
methode,

4. Results

Tables 1 to 5 presemt the measured values of the
60 lines, In addition, the tables inclode the wave
numbers reduced to vacuum, the nesrest emission
lineas uased as standards snd, where possible, the re-
sults of measurements of other workers [2, 3, §, 6, 7]
given for comparisen. The lines felt to ba the most
aceprate are marked with o zsuperscript **a”.  These
lines all fell very near & etandard line and, in addi-
tion, had an average deviation Irom the mean of
+0.1 A or less. The wave numberas were found by
inverting Kayser’s tables [B] with Beabecock’s [9]
cotrection for tho change of index of refraction of
air in the infrarved.

In the case of methane, the abgorption specirum
waa teken at two differant pressures, 18 e¢m of Hg to
Shﬂ.lgﬁll the strong lines, 76 cm of He to show the
weaker ouber Mnes. It 15 tecommended that these
pressures be employved when the observed wave-
longthe for methane are to be used a8 standards, °

1% g 2, 8, and 5 are actual recorde obtained of
the ahaorption apectra of water at 1.1, 1.8, and 1.8 p
respectively. Figures 4 and 6 are similar records o
CH, at 1.7 and 2.2 &, respﬂctivﬁli'. To aid identifi-
cation, the wavelengths of some lines not rmeasured .
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Tanik 1. Resulte of measurement in the L.1-p bond of HA)
Waler-vapar abaarpilon
Babeock | Xiee | renath tmopen
:1 2] tm
Observad wave- vmm and Moors e (grating order}
loagrthy nomiber warekngthe
[E] (]
A el A A A
= (LB A==, ) | B, BE THIS0. 52 180 76 Me bBL TIITT. 5L
1125106k 08 | BEAE 6O |.o.........| 135115 [ A A 11ish W
11204 4 RESL B3 | LL30L 47 1124 42 | Na  3/2 1190584
11408 7 BAGE 11 TS0, S liddh 88 | Kr 2 11K a2
114837 BT BN || 11480 | A Bd 11452, 48
+ Indbeate Linpe comaldersd to ba most aocmrats.
® The Faction represents the factor for arrectie for ovder oumber. ‘Thus 42

tot the mesmrament of the standard lmoe o the third order &g of (e
bwrptl:mljnaln the sepond crder. Tha divislen of the arder nomber Inte the
appaient wavelangth at the rlght gives the actus] warelengih of fha gstandar? Hoe,
Tanie 2. Resulis of megaurement in the 1.33- lo 1.48-p band
of H,O
Run In »econd order

Walar-vapur Bbaord o
Bimodardicig watt-
langth em,
Oberved WaTSe~ | Vasumn wave | Nelson WaTe- {grativg orderh
kngth oo b lemgihs 13]
A L A

13457, 0 740 12 ™30 Ne &2 1MB.0&
« 13571 49 4 04 7868, 37 1357032 Xa 7 18588 17
Lo%ad. ) e, 40 1o 4 Hx T 1900 W
15885, 2 THLE, B 13686, & Hr 5T 1366174
13740 5 T4IE, 1740, 5 Xe 37 LN
= 13835, 07 . 07 13886, 1 A e U¥BaE TS
= 13035 12 4 04 TITL 18 12095 4 A T 1¥080.E6
10004, O Tiag, B 144830, Mo 2 J4MLEA
18TEE ‘msd, J417L 2 Hr 2 MMEE
* TS 18 & 07 TN, 4 14366, & He 12 LT 4l
14357, 2 i, 35 148871 He I 1478
T35 3 B0, 38 1M 8 KZ L4t 00
TR g, TL JANE O Ny I MO0
1dnt 1 7, B 14508, 7 Hp 4 1400
[T BB 15 14528 5 i+ 14810.ES
- 14700, B == 4 07T, 75 T, 3 Na I 140474
& 14768, T2 oL DA 4770, 14 47870 A T 7706

+ Indicates Hiven oonaldered to be moal sccarate

& The ractiot represenis the factor far corvecing for order ourmber.  Thos 37
Indicetes the mesurerent of e dandard line o the thiyd onder stid of Lhe
aboorption line in the secomd grder. The diwision of the ceder number inte the
s paretd wavelength b iba right glvee the actual wavelength of the standard line

TasLE 3 Resvlls of meazurements <n the 1.¥-p band of CH,

Mwithane ab#crmo
piekoon, e | Gtand ziizing wave.
length am
Observed srave. | VaCUMDL Bonadiet Goliberg | (W sedes)
Yength numkber ]% wAva
A et —1 A A A
15, @ B, 27 16254, T Er T 16 A
15545 & B4 & 163484 Kr o TARL I
143 B 0. 29 18308 7 Kr 2 1c3sk 11
148, 0 Li Lol 164, 1 Xn = R
1T B G A 19652 5 Kr L I ]
15ML 2 B3 55 185800 X 2 18461 33
1568, 7 M 15 180850 Kr 2 G0 2
16738 & k12 167, & |' Ha i 1875k 7
1635 & 5838 1T 18435 T A 2 10849 20
16, 2 i ] 16836 0 A I
nITOES.OT o4 | SATR T 1Ak 7 Kr 2 I'mig. T
1Tied. 7 580 17184 T icl I 1TISE 4
1735 B B3 o e L He 3 1vad B
173 7 Ly [ Brx 3 17l ol

» Indicatss ine oemsidered to be moat soodonb.,

TanLe 4. Resalis of meumrsmuﬂ in the L.7F- fo 1. 88K

nd of dusier
Water-TADos alwa Do
El:andsh!ﬂj:,tn; WATHE
length  spo Moyl
Ohgervad ware- | Vacum wars | Holda Wave- [irmting
hngth numbar lengthy 13]
A sl A A
N 5602 75 17844, 3 Na 5 ITEML 50
» LFOES 71 - 10 556, o 17985 X8 FRT TN
2 bied, 87 1B 2 Hu 3 18w B
[ X3 S4RE. 04 1E2146. 2 Na 31 12O
1 L N3 2R Jepd, 7 i) 3 1534, 49
1848 % e, B IE415 8 Ne 1B 10
1BAER @ o0, 14 15481, T Mh 2 T,
18437. 2 3, 18 1 = i He 3 IMEL B4
18017.2 5284, T3 1E917. 1 Na 3 I=D14 37
+ 19130 56 & 1D BRIk TL 1PLEG, 4 Na d 16048 BT
1oL 3 © Bk 1ol 2 Na 3 ool
18528, 4 S8 3 10528 i Ne 3 19518 05

# Indigabes Inee semabdared to be moot aesurato.
Takle 5. Resulls of meorvrement in fhe £.8-p Iands of CH,

Mathatin sbsorption

Etandardiring wave-
° Vecouts lenpgth &mgloa?t
wardlength |wavenomber
A o —1 A
A5 040 56 = 3 A5 2
TIRGE L AR TS Hr & TIET M
T A A0, X Xn T kg
| HM A e 1 Fd
poc L1 HM_ 1T e 4 22468 B2
200, 445, 2 ol 3 I, 41
208ML 1 421, 43 Nea 31 I 32
22970 6 bty Kr FI- - )
T8, J i Kr A MGk
I 0 4T3 43 Ha + 3400185
prioby] 4201, R4 el 4 RN, 05
.4 £, X 3 Kohs 48

for this paper are reported. The preaent. values ara
underlined. Tabla 1 shows a v emant
between these velues and thusaer{ . As
result of this ﬁmd ement, fijrire 2 includes the
values reported by Kiess for many lines. ‘They are
believed to be accurate to £0.1 A,

Fwo bands of CO have been measured and reported
geparately [10]. The results therein repo: sup-
plement the wavelengths reported here, so that
standards are available over pra.(:tlcaﬂ}" the whole
spectrum from 1.1 to 2.5 u.

These measurements conetitute the first part of a
larger program. It is intended to extend these
measurements to cover the entire spectral range
from 1 to 6 .

The authora thaok Carl C. Kiess, whoe kindly
permitted the use of his measurements in the 1. 1-p
water band. Publication of his complete results,
obtained at the Bureau, iz pending.
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